The synthesis, structure, and magnetochemical characterization of the largest manganese oxime cluster are reported. The Mn 15 / 2-pyridinealdoxime compound is mixed-valence (II/III) and possesses an irregular structural motif with a novel Mn/O core. The oximato-bridged cluster exhibits an S = 6 ground state and a negative magnetoanisotropy.
The last 2 decades have witnessed a tremendous growth in interest in polynuclear manganese compounds (clusters) at moderate oxidation states with O-and N-based ligation. 1 This has been mainly due to their relevance to bioinorganic chemistry 2 and molecular magnetism, 3 as well as to the architectural beauty and aesthetically pleasing structures that they often possess. 1 In the molecular magnetism area, Mn clusters containing at least some Mn III ions have been found to often have large ground-state spin (S) values, which combined with a large and negative magnetoanisotropy (as reflected in a large and negative zero-field-splitting parameter, D) have led to some of these complexes being single-molecule magnets (SMMs). 3 SMMs are individual molecules or ions that behave as nanoscale magnets below a certain ("blocking") temperature and thus represent a molecular, "bottom-up" approach to nanomagnetism. -is the anion of methyl 2-pyridyl ketone oxime (Chart 1), which is ferromagnetically coupled because of the distortion imposed on the triangular core by the tridentate oximate ligand and which is an SMM.
6
A large number of polynuclear, homometallic Mn/2-pyridyl oximato complexes have been synthesized, 4d but unfortunately only a few of them contain Mn III ions and behave as SMMs. 6, 7 In the present work, we report the highest-nuclearity Mn/oximato cluster to date from the use of the simplest 2-pyridyl oxime, namely, 2-pyridinealdoxime (paoH; Chart 1 We have now discovered a simple synthetic route into significantly higher-nuclearity Mn/2-pyridyl oximato species, which also possess interesting magnetic properties. In particular, the compound reported herein is a new example of a mixed-valence, Mn II/III noncarboxylate species with an unprecedented structural motif and a rare nuclearity, which additionally exhibits an appreciable ground-state spin value. We believe this work presages a rich new area of highernuclearity Mn III /oxime products than is currently known. The reaction of Mn(ClO 4 ) 2 3 6H 2 O, paoH, and NEt 3 in a 1:1:1 molar ratio in MeCN gave a dark-brown solution that upon layering with Et 2 O/hexanes (1:1, v/v) gave brown crystals of [Mn 15 O 0.5 (OH) 11.5 (pao) 18 (EtOH)(H 2 O)](ClO 4 ) 6.5 3 5MeCN 3 6H 2 O (1 3 5MeCN 3 6H 2 O) in 45% yield. 10 The cation of 1 (Figure 1) (Figure 2, bottom) . The Mn oxidation states of 1 are obvious from the metric parameters, the bond valence sum (BVS) calculations, 11, 12 and the clear presence of Jahn-Teller axial elongations at Mn (1, 4, 6, 7, 11, 13, 14 oxidation level. Solid-state direct-current (dc) magnetic susceptibility (χ M ) data for complex 1 3 6H 2 O were collected in the temperature range 5.0-300 K in an applied field of 1 kG (0.1 T). The data , respectively. In order to confirm the ground state of 1 3 6H 2 O, magnetization (M) data were collected in the 0.1-0.5 T and 1.8-5.0 K ranges, and these are plotted as M/Nμ B vs H/T in Figure 3 (top). We used only low field data (<1.0 T) to avoid problems from low-lying excited states, expected for highnuclearity clusters with a high density of spin states and/or when Mn II ions are present, with the latter giving weak exchange interactions. The data were fit by matrix diagonalization to a model that assumes that only the ground state is populated, includes axial zero-field splitting (DŜ z 2 ) and the Zeeman interaction, and carries out a full powder average. The best fit (solid lines in Figure 3 , top) gave S = 6, g = 1.99, and D = -0.20 cm ; alternative fits with S = 5 or 7 were rejected because they give unreasonable values of g and D.
Alternating-current (ac) susceptibility studies are also a powerful complement to dc studies for determining the ground state of a system because they preclude any complications arising from the presence of a dc field and/or low-lying excited states. For 1 3 6H 2 O, the in-phase ( χ M 0 ) ac signal, shown as χ M 0 T in Figure 3 (bottom), is almost linearly decreasing with decreasing temperature in the 4-15 K region, indicating depopulation of a high density of excited states with spin S greater than that of the ground state. Extrapolation of the data above 4 K (to avoid the effects of intermolecular interactions and magnetization relaxation phenomena at lower temperatures) down to 0 K gives ∼21 cm 3 K mol -1
, indicating an S = 6 ground state with g ∼ 2, in good agreement with the dc magnetization fits.
The S = 6 ground state and the negative D value suggested that 1 might be a SMM. The upper limit to the barrier is U = S 2 |D| = 7.16 cm -1 = 10.31 K, but the true, effective barrier (U eff ) will be significantly less because of the quantum tunneling mechanism.
3 At temperatures <2.0 K, very weak frequency-dependent tails of out-of-phase ( χ M 00 ) ac susceptibility signals for 1 3 6H 2 O were observed whose maxima lie below the operating minimum temperature of our SQUID instrument. 11 This behavior is indicative of slow magnetization relaxation, suggesting 1 to possibly be a new SMM but one with a small relaxation barrier. Further confirmation of the SMM behavior would require single-crystal studies on a micro-SQUID down to 40 mK, 14 but this was not pursued because there are now many SMMs with such small relaxation barriers.
In summary, the employment of the versatile paoH group, the most flexible of all of the 2-pyridyl oximes, in Mn chemistry has led to the highest-nuclearity Mn/oxime cluster to date at any oxidation state level, showing that tridentate oximes can indeed support large nuclearities without requiring the copresence of ancillary groups such as carboxylates. The obtained product is new in multiple ways, as described, but it also provides the opportunity for a study of its chemical reactivity and its magnetostructural properties. In particular, we are currently trying to (i) raise the value of S in 1 and, thus, "switch on" its SMM properties by controllable routes such as replacement of the μ-and μ 3 -OH -ions with end-on bridging pseudohalides (N 3 -, OCN -, etc.) and (ii) prepare either analogues of 1 or new Mn clusters with bulky 2-pyridyl oximes (see Chart 1). Finally, the present work seems to answer positively the question concerning the ability or not of oximes to combine both very high-nuclearity molecules and magnetically interesting species. 
